The possibility of correlating the magnetic susceptibility to the oxidation state of the porous active mass in a chemical or electrochemical reactor was analyzed. The magnetic permeability was calculated using a hierarchical model of the reactor. This model was applied to two practical examples: LiFePO 4 batteries, in which the oxidation state corresponds with the state-of-charge, and cyclic water gas shift reactors, in which the oxidation state corresponds to the depletion of the catalyst. In LiFePO 4 batteries phase separation of the lithiated and delithiated phases in the LiFePO 4 particles in the positive electrode gives rise to a hysteresis effect, i.e. the magnetic permeability depends on the history of the electrode. During fast charge or discharge, nonuniform lithium distributionin the electrode decreases the hysteresis effect. However, the overall sensitivity of the magnetic response to the state-of-charge lies in the range of 0.03%, which makes practical measurement challenging. In cyclic water gas shift reactors, the sensitivity is 4 orders of magnitude higher and without phase separation, no hysteresis occurs. This shows that the method is suitable for such reactors, in which large changes of the magnetic permeability of the active material occurs.
to lithium content and state of charge of the battery.
25
The determination of the state of charge (SOC) of the battery is a major 26 problem for battery management [5, 6] . On the one hand, the SOC is im-27 portant information for the user in order to estimate the remaining working 28 time of the device. It is an important psychological factor for which the term 29 range anxiety has been coined in the context of electric vehicles. On the 30 other hand, the knowledge of the SOC is important for the management of 31 the battery, since many systems are sensitive to deep discharge or overcharge.
32
These states of extremely high or too low SOC can cause irreversible damage 33 to the battery [7] .
34
Current strategies for determining the SOC (for a review, see e.g. [5, One aim of the current work is to assess whether the change of the mag- 
Particle Scale

86
In the following section, the effective magnetic susceptibility of a single par-87 ticle's active material depending of its oxidation state is described. Three 88 different scenarios for the distribution of the oxidized phase (i.e. distribution 89 of lithium inside the particle in LiFePO 4 batteries, or the distribution of ox-90 idized and unoxidized iron in CWGSR, respectively) are considered: First, 91 uniform distribution of the oxidation state occurs, if intra-particle diffusion is 92 negligible, e.g. because diffusion is faster than the reaction or intra-particle 93 diffusion is fast compared to overall material transport in the reactor, e.g. distribution. This can be the result of a phase separation (e.g. in LiFePO 4 98 batteries) or oxidation of the particle with a sharp reaction front. In the 99 third scenario, a continuous distribution of the oxidation state in the particle 100 is considered. 
where d is the effective dimension or coordination number in which the prob-
115
lem is solved and p o is the volume fraction of oxidized material.
116
In LiFePO 4 electrodes, p o corresponds to the volume fraction of inter- 
with the capacity of the battery C batt , number of exchanged electrons z=1 120 and charge of an electron e. In order to determine the effective permeability of such a core-shell struc- 
with 
where µ pore is the permeability of the pore space (i.e. the electrolyte in the 
In in-plane direction, the permeability is the arithmetic average of the per-
190
meabilities of the layers,
In the CWGSR, the porous pellets are surrounded by the gas phase and again
193
the LLL rule (Eq. 10) is used to determine the permeability of the whole 194 reactor bed:
3 Results
196
The permeability model describes the permeability depending on the struc- (which would correspond to a perfect phase separation), the susceptibility of would be up to 12%.
273
A second important practical note is that the overall change in suscepti-274 bility is very small. This makes it very challenging to measure these changes.
275
Very sensitive instrumentation with high signal to noise ratios would be re- narrower with higher charge/discharge rate, the portion of the electrode that 307 has a core-shell structure diminishes and the hysteresis decreases. 
Cyclic Water Gas Shift Reactor
309
The magnetic susceptibility of a CWGSR catalyst particle, porous pellet and 
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In this work, the possibility of using the magnetic susceptibility as a direct 
361
The model is thus insightful in terms of understanding the basic rela-362 tion between magnetic properties and electrochemical processes of a battery.
363
Practical applicability as a diagnostic method to determine the SOC is how- 
The effective number of Bohr magnetons p is expected to correspond to the 504 spin-only theoretical value according to
where S=2 for Fe 2+ in LiFePO 4 and S=5/2 for Fe 3+ .
506
The effective magnetic moment µ ef f is related to the Curie constant C p ,
with Boltzmann constant k B and Avogadro's number N A . The molar mag-508 netic susceptibility χ m can then be derived from the Curie-Weiss law,
which is valid in the paramagnetic regime at temperatures above the Curie 
B.1 Basic Model Equations
525
In the following, the reaction scheme of the model is explained. Charge given. Lithium transport into the particles is described based on a simplified 529 shrinking core model. 
The charge balance in the electrolyte phase can be described under the as-532 sumption of electroneutrality as
where φ l is the potential in the electrolyte, κ ef f l is the effective conductivity 534 of the electrolyte, ι is the charge flux and a is the specific active surface area.
535
The boundary conditions to solve Eq.20 under galvanostatic or potentio-
where i cell is the current density per geometric area and φ sep,a is the electrode 538 potential at the electrode-separator interface, i.e. the cell voltage minus the 539 overpotentials of negative electrode and separator.
540
The potential distribution in the solid, electron conducting phase under
The boundary conditions for the electron conducting phase are
The charge balance for the double layer is given as
where η is the overpotential of the positive electrode and C dl is the dou-546 ble layer capacity. The oxidation rate, r ox , in Eq.27 is dependent on the 547 concentration of lithium in the solid lattice at the particle surface, c s :
In order to determine the surface concentration c s of lithium in the solid,
549
usually lithium transport into the solid phase is evaluated. However, the constants for charge and discharge are possible. This can be described as
with
The amount of lithium in the particle, n Li , is given by
If the amount of lithium reaches the maximum amount that can be stored
Thus, the concentration dependency of the reaction rate is approximated by 570 a step function.
571
The model was solved using the parameters in Table 1 
602
Please note that the reaction rate profiles in Fig. 5-7b 
